Stunmary: The mechanisrn of enzyme release from Lwigendoiff-periused rat heans was studied uader the injury condiuons of the Ca 2~ paradox and 2.4-dinnrophenol poisonirlg. During perftisioa wiih Krehs-Rfcger bufFer or in buffered sncrose sarcoplasmic enzymes were massnrely released when Ca-~ was reintroduced to the perfiision medium (Ca 2~ paradox). Mitochondrial matrix enzymes were released to a verv small exteot. Only the cytoplasmic isoen^me of the bilocular enzjine malaie deh}*drogenase \\-as released. The release kinetics of various enzymes with greath' differing molecular weights showed no significant diflferences. Qiialitatively the same results were obtained under 2,4-dinitrophenol poisoned condilions in Ca-~-free sucrose media. Sarcoplasmic enzymes were massively released, mitochondrial enz\Tnes did not appear in the perfusate. 2,4-Dinitrophenol poisoning alone was not sufficient to cause enz>me release. An additional swelling under these condilions w r as necessary. ATP from the extracellular space was able to enhance the enzjuie release, wfaich was brou^it about by 2 ? 4-dinitrophenol and cell swelling.
A hypothesis is presented that enzyme rdease is produoed by initiaiing a membrane blebbing prooess. An devated intracellular Ca 2^ concentration is a necessary prerequisite. In the presence of ATP, acri\*e merabrane blebbing is catised by contractions of the membrane-anchored cjtoskeleton. In the absence of ATP passive membrane blebbing is induced by cell swelling, provided that the cytoskeleton has been cfosslinked by Ca 2^.
Enzymaustrin am perfundierten Ratteniierzen: Die Funktionen des Zytoskeletts unter zellpathölogischen Bedingungen
Zusammenfassung: Am Modell des isoliert perfundierten Rattenherzens wurde der Mechanismus des Enzymaustritts unter den Schädigungsbedingungen des Ca 
Introduction
A number of pathological conditions such äs ischaemia, anoxia, cell poisoning etc., do not directly produce deleterious membrane alterations, but first of all lead to a deteriorated energy production and consequently to lowered ion gradients at cellular membranes. In an advanced state of these free enthalpy dissipating processes the permselective properties of the cell membrane disappear and finally soluble macromolecules, like cytoplasmatic enzymes, are released to the extracellular space. The colloidosmotic swelling theory of'Wilbrandt (1), or the hypothesis of Zierler (2, 3) of metabolically linked membrane pores cannot satisfactorily explain the phenomenon of enzyme release from injured cells. With the model of the isolated skeletal muscle, we have shown that cell swelling may be involved with cell injury, but is not the only mechanism to cause enzyme release. Likewise, a drastic decrease of the cellular ATP concentration by 2,4-dinitrophenol poisoning is not sufficient to destroy the permeability properties of the sarcolemma (4).
Meanwhile much experimental evidence has accumulated, which documents beyond any doubt that both skeletal and cardiac muscle cells during maturation develop a cytoskeleton, which is attached to the inner side of the sarcolemma by special protein filaments (5) (6) (7) (8) (9) . For a wide variety of other cell types it has been demonstrated that spectrin or spectrin-like polypeptides mediate this linkage between actin filaments of the cytoskeleton and the plasma membrane. The cellular functions of the cytoskeleton, however, are widely unknown. In particular, the participation of cytoskeletal filaments in cell-pathological processes, which are associated with an enzyme release, to our knowledge has only rarely been considered (10) . We presented an hypothetical model for the mechanism of enzyme release from skeletal muscle (4, 11) , which Postulates that the reactions of a membrane-anchored cytoskeleton under appropriate conditions may generate membrane lesions by blebbing, whereby sarcoplasmic enzymes are squeezed out of the cell.
It was the aim of this study to investigate the mechanism of enzyme release employing the model of the isolated perfused rat heart under a variety of injury conditions, including the Ca ? + paradox (12) and 2,4-dinitrophenol poisoning. Our results are consistent with a release mechanism, which is induced by Ca 2+ -triggered cross-linking and/or cöntractions of the membrane-linked cytoskeleton.
Materials and Methods
Male rats (HAN-WISTAR) weighing 300-350 g were anaesthetized with ether. To prevent blood clotting, 500 I. U. heparin were injected intravenously. The beating heart was quickly removed and transfered to ice-cold Krebs-Ringer bußer. The artery was then exposed and cannulated with polyvinyl chloride (PVC) tubing (i. d. 0.1 ein, o. d. 0.2 cm). The coronary System was perfused with 10 ml ice^cold buffer. To determine the wet weight m 0 at time t = 0, the heart was blotted on filter paper and weighed. Thereafter the aorta was cannulated and perfused with 5 ml Krebs-Ringer buffer at 37 °C. After a few seconds of perfusion the hearts began to beat again. The perfusion was accomplished on a double-reservoir non-circulating Langeni/0r#"apparatus (13) . The flow rate during perfusion was 6 ml/ min at a perfusion pressure of about 8 kPa and 20 kPa of intact and injured myocards, respectively. Enzyme release was defmed äs the quotient of enzyme catalytic activity in the perfusate and the total catalytic activity of the myocard. Total catalytic activity was obtained by homogenising the tissue after perfusion in the respective perfusion bufFer and adding the sum of released catalytic activity. Homogenisation was carried out in ice-cold bufier three times for 30s, with intervening intervals of 30 s, by means of an Ultra-Turrax (JAHNKE + KUNKEL).
Perfusion buffer

Krebs
Perfusion with Krebs-Ringer buffer (control) showed no appreciable enzyme release (about 4% after 180 min) from the beating isolated heart.
Swelling
Swelling was defined äs the relative increase of wet weight 100% (m t -mo)/m 0 (m<) = wet weight before perfusion (see above), m t = wet weight after perfusion).
Immunological differentiation
The isoenzymes of malate dehydrogenase were determined using specific antisera obtained from sheep. The Isolation of pure enzyme fractions was carried out according to the method of Mühlhaus (16) .
ResuLts
Enzyme release by the Ca 2 + paradox
Enzyme release from perfused rat hearts was induced under the conditions of the Ca 2+ paradox using two perfusion.media of different composition. During 30 min of perfusion with Krebs-Ringer buffer of physiological ionic strength or with buffered sucrose of very low ionic strength, a strongly increasing enzyme release was induced when 3.5 mmol/1 Ca 2 + was introduced to the media after a preperfusion period of 20 min in the "absence" ([Ca Each point represents the mean of four hearts (n = 4), Standard error of the mean (SEM) of the dätä did not exceed ± 0.058 (SEM < ±" 0.058); swelling was negligible after preperfusion and was (37.0 ± 4.0) % after 50 min. significantly decreased, because under these conditions this enzyme is bound to myofibrillar proteins at low ionic strength (17) . Bilocular enzymes like malate dehydrogenase and aspartate aminotransferase were released to a lesser degree. After immunological dififerentiation of malate dehydrogenase into the cytoplasmic and mitochondrial isoenzymes, however, the release kinetics of the isoenzymes paralleled those of the marker enzymes of the respective compartments. Mitochondrial matrix enzymes were released only to a very small extent.
In parallel experiments myocardial cell swelling (relative increase of wet weight) was measured during the course of the Ca 2 + paradox. +-free, 2,4-dinitrophenol containing sucrose media under the same conditions, however, produced a massive enzyme release just from the beginning of perfusion ( fig. 4) . Again, mobile sarcoplasmic enzymes were released with nearly identical kinetics, whereas the release of the mitochondrial matrix enzyme isocitrate dehydrogenase was negligible. The aldolase release under these conditions was strongly decreased presumably due to intracellular binding at low ionic strength (17) (see fig. 2 ). After 50 min of perfusion, myocardial swelling was 43.4%.
When rat hearts were perfused with Ca 2+ -containing (3.5 mmol/1) sucrose media, the myocardial cell membrane remained impermeable whether or not 2,4-dinitrophenol was present. Under these conditions the myocards were shrunken (12.3%) because KC1 and water left the cell to come into electrochemical equilibrium (no extracellular KC1) without the compensatory sucrose entry that occurs under Ca 2+ -free + concentration of the sarcoplasm, obviously, was not sufficient to cause cell injury and enzyme release. An additional cell swelling was necessary to trigger enzyme release.
Under similar perfusion conditions ( fig. 6 ) lactate dehydrogenase release was induced by sucrose swelling. After 20 min of preperfusion with 2,4-dinitrophenol containing buffered sucrose in the presence of Ca 2 +, the extracellular Ca 2+ concentration was abruptly lowered by replacing the perfusion medium by 2,4-dinitrophenol containing buffered sucrose without Ca 2 +. Addition of 10 mmol/1 ATP to this medium after preperfusion under the same conditions induced an even more drastically increasing lactate dehydrogenase release.
Discussion
The membrane blebbing process Enzyme release froin perfused rat heart was studied under various conditions of cell injury. In the same manner s for the release process from skeletal muscle (4), Inhibition of ATP production alone was not sufficient to bring about an enzyme release from myocardial cells ( fig. 3 and 5 ). An additional cell swelling was necessary to induce a drastic ^elease. Likewise, swelling alone at a physiological ATP content of the cardiac cell did not produce an appreciable enzyme release ( fig. 2 during preperfusion) . Obviously, at least one further parameter must be involved with the generation of cell injury. In a subsequent publication (Diederichs & Wittenberg in preparation) we shall present evidence from microelectrode studies (f r de* tails see 1. c. (19) ) that under all studied conditions mfembrane damage is preeeded by an elevation of the sarcoplasmic Ca^+ concentration. T king into acc unt these facts, the following hypothesis about the mechanism of enzyme release from injured heart was presented (4) ; from 20 to 70 min perfusion with Ca 2+ -free buffered sucrose -h 0.5 mmol/1 2,4-dinitrophenol. a) without ATP, SEM < ± 0.054, n = 6; swelling was (28.8 ± 5.2) % after 70 min; b) 10 mmol/1 ATP, SEM < ± 0.043, n = 6; sweiling was (19.8 ± 3.3) % after 70 min. membrane) represents directly the driving force for the enzyme release process. It is brought about by the reactions of the membrane-anchored cytoskeleton (20) . As a prerequisite the sarcoplasmic Ca 2+ concentration must be elevated above a certain level (rat heart: [Ca 2+ ] > IQ-5 mol/1 (19)). Then experimentally two possibilities can be distinguished.
1. In the absence of ATP cytoskeletal filaments are cross-linked by Ca 2 + (or a Ca 2+ -dependent reaction), so that a relative rigid membrane-linked filament meshwork is produced. At this stage of reaction the cell membrane remains intact. If, however, an additional cell swelling is induced, the expanding sarcoplasm causes the smooth membrane phase to form bleb-like protrusions at regions, which are not anchored to the filament meshwork. During the course of progressive swelling a transiently arising pressure gradient must develop, when the membrane surface limits further volume expansion. But since the sarcolemma cannot witfrstand the increasing swelling pressure, transient membrane ruptures are formed, through which enzymes and other soluble sarcoplasmic material are squeezed out in the direction of the negative pressure gradient, i. e. into the extracellular space.
2. In the presence of ATP and an elevated Ca 2+ concentration, the cytoskeletal filaments contract actively. Due to the incompressibility of the sarcoplasm the cell membrane analogously must be blebbed off from the skeleton. Under these latter conditions, however, cell swelling is not needed to induce membrane lesions. ] ca 10~6 mol/1 (19)). Although there was a pronounced swelling after 20 min in sucrose media, enzyme release at this time interval was not increased (fig. 2) . Swelling in the presence of ATP and a low Ca 2+ concentration of the sarcoplasm, obviously, is not sufficient to cause severe cell injury. When extracellular Ca 2+ is abruptly increased under these conditions, Ca 2+ ions may enter the cell through the hyperpermeable sarcolemma (18) because of the steep inward driving electrochemical Ca 2 + gradient. Influx via Na/Ca-exchange may also occur, particularly in sucrose media in the absence of extracellular Na+ (lowered electrochemical potential difference of Na+ over the membrane). Intracellular Ca 2+ rapidly increases up to 10" 4 mol/1 (19) , whereby in the presence of ATP an active membrane blebbing may be induced with irreversible injury of the myocardial cell. In sucrose media enzyme release was even more pronounced, presumably because the myocards were already swollen during the preperfusion period. The striking volume decrease under these conditions is a strong indication of active cytoskeletal contractionß f and a squeezing out of sarcoplasmic solution.
2,4-Dinitrophenol poisoning
In accordance with the results of Ruigrok et al. (21) enzyme release was inhibited in 2,4-dinitropheüol poisoned Krebs-Ringer buffer under the perfusion conditions of the Ca 2+ paradox. In 2,4-dinitrophenol poisoned myocardial cells the sarcoplasmic ATP concentration is strongly reduced by uncoupling the respiratory chain of mitochondria from ATP synthesis. The intracellular Ca 2+ concentration under these conditions is elevated to more than 10~5 mol/1 (19) , although the extracellular concentration is low (5 l O" 6 mol/l in Ca-free media). Presumably, Ca
2+
is released from the sarcoplasmic reticulum and from mitochondria. When ATP is exhausted the inereased Ca 2+ concentration in the sarcoplasm cannot produce membrane blebbing and enzyme release ( fig. 3) . Now a further swelling is necessary to blebb off the membrane from the cross-linked filament meshwork ( fig. 4) . This passive membrane blebbing may be induced by sucrose and water entry through the permeabilised sarcolemma. The cross-linking by Ca 2+ and the induction of injury by a subsequent swelling is better resolved under the experimental conditions of figure 5 . The intracellular Ca 24 v concentration is expected to be even more increased, because extracellular Ca 2+ was present. The sarcolemma remained impermeable to sucrose although the myocard was in the rigor state. Only the water permeability of the sarcolemma, like that of other biological membranes, is quite high. In accordance with a blebbing mechanism swelling by water inflow after cross-linking of the cytoskeleton must induce enzyme release. The presence of extracellular Ca 2+ seems to be of secondary importance to the membrane damaging reactions. When the sarcoplasmic Ca 2+ concentration is increased (cross-linked cytoskeletal filaments) ATP from the extracellular compartment appreciably enhanced the release process ( fig. 6 ). Concerning the Oi paradox, it is not elear wether ATP is involved in the generation of cell injury (22) (23) (24) . Our results show clearly that ATP under the conditions employed paradoxically could increase cellular destruction. Supposedly, ATR can enter the sarcoplasm by diffusion through the hyperpermeable sarcolemma. In the presence of an elevated intracellular Ca 2 ^concentration contractions of the cytoskeleton are induced, so that an active membrane blebbing is initiated. The filament lattice of the myofibrils was already contracted (rigor state) during the preperfusion period and there was no further visible contraction of whole myocard after addition of ATP. Nevertheless, swelling was significantly reduced in the presence of ATP. Therefore, it seems more reasonable to suggest that ATP in the presence of high intracellular Ca 2 + had contracted the membrane-anchored filaments of the cytoskeleton, rather than the rigor-contracted actomyosin filaments of fibrils. In this view the destructed myofibrils, which are visible after injury by the Ca 2 + paradox and which have been interpreted to result from abnormal contractures of myofibrils (25) , in our opinion are created by the action of contractile filaments of the cytoskeleton, whereby the highly ordered Organisation of the fibrillar filament lattice becomes disrupted too.
Kinetics of enzyme release
Under the various conditions of injury, different time courses of enzyme release were observed. Under given conditions, however, there were only small mutual differences between the release kinetics of the respective enzymes. These characteristics of enzyme release cannot be explained by a diffusion or permeation process through a leaky membrane, because there is no dependence of enzyme release on molecular weights. The membrane blebbing hypothesis, however, can easly explain these facts: mobile enzymes of the sarcoplasm are squeezed out of the cell by a developing pressure gradient over the cell membrane, so that the quantity appearing outside only depends on the concentration inside the cell.
In relation to the control of cell volume under more physiological conditions, a moderate blebbing would be of advantage compared with an osmotic process of volume decrease. Since, e. g. the concentrationdependent phosphate potential (-AG ATP ) of the cytoplasm during the squeezing out of cytoplasmic solution would not change, whereas during the loss of water along with certain ions, -AG ATP would decrease, i. e. recovery from "reversible" injury would be energetically more difficult.
Enzyme release from mitochondria
Under all injury conditions, the studied mitochondrial matrix enzymes appeared only to a negligible extent in the perfusate. This may be explained by our observation (not published), that these enzymes are released when Ca 2+ and phosphate are accumulated by energized mitochondria in the absence of ADP. The ADP concentration of injured myocardial cells, however, at least during the observed time courses, is sufficiently elevated to inhibit the release of matrix enzymes.
